We derive the equations that govern neutrino and antineutrino behavior in the early Universe. Results are presented from numerical simulations incorporating nonlinear effects of the neutrinoantineutrino background as well as the leading CP-symmetric and CP-asymmetric terms arising from the interactions with electrons and positrons. A broad spectrum of neutrino and antineutrino behavior is observed, ranging from vacuumlike to smooth. Oscillations exhibiting self-maintained coherence also appear. We identify a variety of neutrino properties arising as a consequence of the nonlinear neutrino self-interactions. The nonlinear effects tend to suppress any CP asymmetry relative to the linear case.
I. INTRODUCTION In the standard cosmological scenario [1] , the early Universe at about a tenth of a second consisted principally of a hot gas of photons, electrons, neutrinos, and their antiparticles in approximate thermodynamic equilibrium at a temperature of about 10 MeV. As the Universe expanded and cooled, the neutrino interaction cross sections decreased until, at a temperature of about 2 MeV, the neutrino component of the gas decoupled thermally.
Subsequently, the electrons and positrons annihilated, thereby reheating the photons relative to the neutrinos. The annihilation also slightly reheated the electron neutrinos relative to the muon or other neutrinos, resulting in an electron-neutrino excess of about 1% [2, 3] .
Despite being decoupled from the photons and other leptons, neutrinos influenced nucleosynthesis through neutrino-nucleon interactions until the temperature dropped by about another factor of 2 and attained the "freeze-out" point Tf =0.7 MeV where neutrinos ceased to affect the neutron-proton ratio [4, 5] . Subsequently Universe from a particular extension of the minimal standard model. We assume the existence of right-handed neutrinos and corresponding neutrino Dirac masses. We suppose that the neutrino masses are small relative to the mean neutrino energy during the relevant time period, so that we work in the neutrino relativistic limit.
New effects can appear in principle as a result of the additional degrees of freedom and also from the possible presence of neutrino oscillations [7] . Since no net flavor change can occur if the numbers of electron and muon neutrinos are equal, oscillations can only play a role in changing the net electron-neutrino excess. Nonetheless, this leaves open the possibility in principle that neutrino oscillations could produce measurable effects on nucleosynthesis or other observable physics [8 -12] . A comprehensive analysis of this issue is diScult because the electron-neutrino excess depends on interactions with background fields, including the neutrinos and antineutrinos themselves.
As we discuss below, the neutrinoantineutrino background can be the dominant effect.
One goal of this paper is the characterization of neutrino and antineutrino behavior in this nonlinear situation.
The nonlinearity of neutrino oscillations in a dense self-interacting neutrino gas has been addressed by several authors [8, 13, 14] . The correct form of the selfinteraction [15, 16] and a scheme for treating the analytical complications involved [17] In these equations, h=b(cos28, -sin28, 0) (13) and e, =(1,0,0 [20] V' + = 2~2GFE'(p -+p +p ++p +)/Ms (14) where p and p represent energy density and pressure, respectively, and V =V 2GF(n n+) .
-
The CP-symmetric potential (14) arises from the additional order-GF contribution M, to the matrix M of Eq. (6) Related equations have recently been given in Ref. [19] .
FIG. In Fig. 15 we magnify the time near the crossover region and display the difference of ratios r"3 -r . It is N 3 evident that a buildup of -10 in these quantities is sufficient to make W"'" a relevant time scale (cf. Fig. 2 In this subsection, we discuss several properties of neutrino and antineutrino evolution that appear to be generic in the highly nonlinear regime, i.e. , when (r"") «r, '" We have studied these properties at many points of the sin 28-6 plane. However, to save space we display re- Also, in the tables that follow we consider three characteristic times during a run: an early point a; a point b in the crossover region; and a point c later in the run. The precise times are given in Table III for each of our representative points in the sin 28-6 plane.
The first property we discuss is that particles maintain themselves in ANME configurations after being initialized therein. We call this the ANME property. The third column of Table IV where n ' is given in Eq. (21) . If t~NME is close to one, the particles are in an ANME configuration. By construction, this is initially the case. Fluctuations in the nonlinear background term V"" tend to cause t~NME to move slowly away from one. Compare, for example, the value of t~NME for sin 28=0.25 at points 4a and 4c. The latter is reached after about 1000 oscillation times.
In R2, the particles start in ANME configurations that are close to vacuum-mass eigenstates and remain close to vacuum-mass eigenstates, provided no parametric effects occur. In R3, particles start in ANME configurations that are near Qavor eigenstates and rotate to ones that are approximate vacuum-mass eigenstates. As discussed in the previous subsection, this rotation is adiabatic. As a consequence, the particle vectors can maintain alignment with the effective magnetic fields. Hence, in R2 and R3 it is unsurprising that neutrinos maintain themselves in ANME configurations. We have explicitly checked that for 10 eV & 5 & 1 eV the same property holds in the linear case, as is also to be expected.
If the nonlinear term fails to dominate, so the system is effectively linear, one might anticipate that nonadiabatic rotation would cause vectors to deviate from an ANME configuration and subsequently display other behavior, such as self-maintained coherence. It is instructive to set V" to zero. In the linear case at 6=10 ' eV and sin 28=0.81, t"NME is less than 0.5 at times after the crossover region. At 5=10 eV and sin 28=0.81, t~NME =0.86 beyond the crossover region, which is closer to one because the rotation is closer to being adiabatic. However, the nonlinear case displays robustness in this regard. Although for small 5 the quantity t"NME can be far from unity in the crossover region (cf. the point 12b for sin 28=0.81), it returns close to one at later times.
The reason for this is related to the rotation mechanism discussed in the previous subsection. A significant third component 83 of the effective magnetic field arises in the crossover region due to the term (U3) -(w3 ).
This creates a mismatch between the particle vectors, which lie almost in the 1-2 plane. To verify this statement, we define a test based on the planar dot product: t = -, '((v~. B, )+(w~.B~) ), (30) where the subscript p indicates that only the first two components of a vector are used. The fourth column in A.
(31)
The fifth column of Table IV 
